Introduction
Virtually all eukaryotes, including humans, have an endogenous biological clock that acts as an internal representation of the solar cycle. In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus is a master pacemaker capable of self-sustained rhythms generation, with an intrinsic period of ϳ1 d (Moore and Eichler, 1972; Stephan and Zucker, 1972; Refinetti et al., 1994) . Circadian rhythms generation is cell autonomous and dependent on cyclic gene expression mediated by intracellular molecular feedback loops (for review, see Panda et al., 2002a; Wang and Sehgal, 2002) . A prominent feature of neural biological clocks in species as diverse as mollusks and mammals are clock-driven circadian rhythms in the frequency of spontaneous action potentials (Inouye and Kawamura, 1979; McMahon and Block, 1987; Welsh et al., 1995; Liu et al., 1997; Herzog et al., 1998) . Rhythmic electrical activity communicates the endogenously generated oscillations within clock neurons to overt rhythmic outputs, such as locomotor behavior (Schwartz et al., 1987) . Importantly, the SCN not only generates rhythmicity but is also synchronized, or entrained, to the daily light cycle of the environment (Pittendrigh and Daan, 1976) .
The Period1 (Per1) gene is a key participant in the molecular feedback loop that generates circadian rhythms and is critically involved in resetting the endogenous neural clock to light signals (Akiyama et al., 1999; Albrecht et al., 2001; Bae et al., 2001; Zheng et al., 2001 ) (but see Cermakian et al., 2001) . The process by which light resets the circadian clock involves cellular and molecular events taking place on both rapid and prolonged time scales. First, there are retinally driven acute responses of SCN neurons to light (Meijer et al., 1998) . These responses are limited to the interval of light exposure but are followed within minutes by rapid induction of a number of genes in the SCN, including Per1 (Albrecht et al., 1997; Shearman et al., 1997; Shigeyoshi et al., 1997) . The molecular response to light initiates a cascade that ultimately results in a shift in the timing of molecular oscillations, rhythmic electrical activity, and rhythmic behavior on subsequent daily cycles (Pittendrigh and Daan, 1976; Gillette et al., 1995; Yamazaki et al., 2000) .
The specific events that link rapid Per1 induction to subse-quent changes in oscillator neuron output are uncharacterized. To study changes in the neurophysiology of SCN cells after lightinduced Per1 activation, we performed targeted electrophysiological recording of SCN neurons marked with a short half-life green fluorescent protein (GFP) reporter of Per1 gene activity. Here, Per1-driven GFP fluorescence intensity is a real-time indicator of the level of Per1 gene expression in living cells (Kuhlman et al., 2000) . The dynamic GFP reporter of Per1 activation allowed us to discriminate between neurons in which Per1 was acutely induced by light and neurons that did not respond to light stimulation with rapid Per1 gene induction. We also studied the neuronal populations involved in SCN resetting. Light information reaches SCN neurons via the retinohypothalamic tract (RHT), a monosynaptic projection from the retina to the SCN (Moore, 1973) . Immediate-early gene and Per1 induction in response to light is regional and restricted to subpopulations of SCN cells (Aronin et al., 1990; Rusak et al., 1990; Shigeyoshi et al., 1997; Morris et al., 1998; Abrahamson and Moore, 2001 ). We used double-label immunocytochemistry to determine the neuropeptide content of Per1 light-induced SCN neurons.
Materials and Methods
Transgenic mice. B6C3HF1 hybrid mice (Harlan Sprague Dawley, Indianapolis, IN) were crossed with University of Kentucky bred B6C3HF5-6 mice homozygous for the mPer1::d2EGFP transgene (Kuhlman et al., 2000) , to produce mice hemizygous for the transgene.
Photic stimulation paradigm. The general paradigm of the lightstimulation protocol was as follows. Male mice were maintained in a 12 hr light/dark cycle and then individually housed for at least 2 d before the experiment. Zeitgeber time 0/24 (ZT 0 or ZT 24) is defined as the time of lights on and ZT 12 as the time of lights off. Photic stimulation consisted of a light pulse of 900 lux for 30 min or sham (no light) beginning at ZT 22.25 (except when noted). Animals were held in darkness for 1.5 hr after termination of the light pulse, and then SCN brain slices were prepared as described below at ZT 0.25, corresponding to 0.25 hr after the lights would have turned on in the former light cycle. Slices were allowed to stabilize for 1 hr before electrophysiological recordings were made. Recordings were made from ZT 1.25 to ZT 3.25 (3-5 hr after the initiation of the light pulse). Data collected within this time window were pooled and averaged. Using this paradigm, we avoided making slices during a phase that slice preparation itself could induce phase resetting (Gillette et al., 1995) .
Slice preparation and electrophysiological recordings. Brains were removed and blocked in cold, oxygenated 95%O 2 -5%CO 2 artificial CSF [in mM: 114.5 NaCl, 3.5 KCL, 1 NaH 2 PO 4 , 1.3 MgSO 4 , 2.5 CaCl, 10 D(ϩ)-glucose, and 35.7 NaCHO 3 ]. SCN slices (220 m) were cut on a vibroslicer (World Precision Instruments, Sarasota, Fl) at 4 -10°C, trimmed to rectangles ϳ4 ϫ 8 mm, and transferred directly to an open recording chamber. Slices were allowed to recover for 1 hr before recording. SCN neurons were visualized using an Axioskop FS2 (Zeiss, Thornwood, NY) equipped with near-infrared (IR)-differential interference contrast and fluorescence optics. Each experimental treatment contains data from three to five animals unless noted. All recordings were confirmed to be from GFP-positive neurons by aligning digital images of the same neuron under near-IR and GFP fluorescence illumination. Extracellular patch electrodes were filled with extracellular solution. Firing frequency was measured as the average of a 270 sec record. Whole-cell recordings were made with pipettes filled with intracellular solution (in mM: 135 K-gluconate, 10 KCl, 10 HEPES, and 0.5 EGTA) having a resistance of 2 M⍀. Extracellular solution [in mM: 124 NaCl, 3.5 KCl, 1 NaH 2 PO 4 , 1.3 MgSO 4 , 2.5 CaCl 2 , 10 D(ϩ)-glucose, and 20 NaHCO 3 ] was heated and perfused at a rate of 1.5-2 ml/min. For experiments in which the extracellular solution contained 30 mM tetraethylammonium (TEA), sodium chloride was reduced to 94 mM. The perfusate within the recording chamber (Warner Instruments, Hamden, CT) was maintained at a temperature of 34 Ϯ 0.5°C. The liquid junction potential was nulled after seal formation, before membrane rupture. Data were acquired using Axopatch 1D amplifier and pClamp7 software (Axon Instruments, Union City, CA). Data were filtered through a low-pass 2 kHz filter and digitized at a sampling rate of 5 kHz. Series resistance was typically 8 -11 M⍀. Whole-cell capacitance was read from the amplifier compensation circuit. Drugs were purchased from Sigma (St. Louis, MO).
All whole-cell data were collected in current-clamp mode. Input resistance and membrane time constants were calculated by injecting a 500 msec square hyperpolarizing current. The initial peak voltage deflection in response to current injection that brought the membrane potential within the range of Ϫ65 to Ϫ70 mV (5-15 pA of injected negative current) was fitted with a monoexponential function to determine the membrane time constant. At least three fits per neuron were averaged. Input resistance was calculated as the slope of the voltage responses to Ϫ5 to Ϫ25 pA of current injection. Membrane potential was calculated as the average voltage for a duration of 500 msec. In the case of spiking neurons, this value was identical to the voltage at the midpoint of the interspike interval. Because not all neurons of the sham condition displayed spontaneous action potentials frequently enough to determine a midpoint of interspike interval, we chose to use the average voltage over 500 msec to ensure that calculations were consistent across conditions. Criteria for accepting a recording included the following: action potential peak of at least ϩ8 mV and, in voltage-clamp mode, Ͻ30 pA holding current to clamp membrane potential at Ϫ65 mV. All data were collected within 6 min of membrane rupture to minimize any potential washout effects from the whole-cell recording (Schaap et al., 1999 ). Student's t tests were used to determine significant differences between two groups when data were normally distributed. In the case when data did not fit a normal distribution, a Mann-Whitney U test was used to determine significance. Additionally, for all reported significant differences using Student's t test, data were also significantly different using the Mann-Whitney test. A two-way repeated-measures ANOVA was used to determine the presence of an interaction between light pulse (LPϩ) versus no light pulse (LPϪ) and drug treatment, with ␣ set to 0.05. In the case of a significant interaction, a one-way repeated-measures ANOVA (paired t test) was used to determine significance before and after drug treatment for LPϩ versus LPϪ. Error bars report Ϯ SEM.
Imaging. For imaging, acute SCN slices (see Fig. 1 ) were prepared as above at ZT 1.5 Ϯ 0.25 (3-3.5 hr after light treatment, the same time as the electrophysiological recordings), and SCN slices were cut at 180 m. Images were captured with a cooled CCD camera (Micromax with EEV57 chip; Princeton Instruments, Trenton, NJ) using an FITC filter set and analyzed using WinView software (Roper Scientific, Trenton, NJ) using 16-bit digitization. A standardized region of interest (ROI) was placed over the SCN, using the third ventricle and optic chiasm as reference points, and the average pixel intensity was recorded from at least two slices containing SCN per animal and averaged (both sides of a slice were imaged so that each animal was represented by at least four images of SCN nuclei). Background fluorescence was subtracted for each image by placing an ROI outside of the SCN. Student's t test was used to determine statistical significance, and error bars report ϮSEM. For time-lapse imaging (see Fig. 5 ), slices were prepared and maintained as for physiological recording.
To assess the functional relationship between neuronal activity and Per1-driven fluorescence (see Fig. 2 ), GFP fluorescence was imaged using the same cooled CCD camera as above at high magnification (63ϫ Zeiss objective, 0.90 numerical aperture, narrow-band GFP filter set; Chroma Technology, Brattleboro, VT). Fluorescence was reported as the intensity of the cell body divided by the background fluorescence to normalize for differences in baseline fluorescence across preparations and fields. Background was defined as the average pixel intensity of two local measurements next to the recorded neuron and the total frame (512 ϫ 512 pixels).
To classify cells as dim versus bright (see Fig. 2 ), fluorescent cells within the same field of view were selected for recording. Cells were classified as dim when fluorescent intensity was 10% or less above background. On average, induced neurons expressed fluorescence levels fivefold higher than non-induced (dim, 4.01 Ϯ 0.8%; bright, 20.4 Ϯ 2.7% above background). Signal above background was calculated as above.
Recordings were made at the medial/ventral border, and, in every case, there was a least one dim cell and one bright cell within the same field of view, ensuring that the differences in relative fluorescence was not attributable to systematic bleaching of a particular zone.
Immunocytochemistry, animals, and housing. mPer1::d2EGFP transgenic mice (n ϭ 12) were housed in translucent propylene cages (48 ϫ 27 ϫ 20 cm) and provided with ad libitum access to food and water. They were kept in a 12 hr light/dark cycle. The room was kept at 21 Ϯ 1°C. Before starting the experiment proper, we tested the effect of colchicine on GFP expression. For this purpose, animals (n ϭ 12) were anesthetized (60 mg/kg ketamine and 5 mg/kg xylazine) and administered colchicine (20 g in 10 l saline, or vehicle) in the lateral ventricle at ZT 24. The next day, they were killed with an overdose of sodium pentobarbital (200 mg/kg) at ZT 24 after a 30 min light pulse at ZT 21 (experimental condition) or at ZT24 (control condition). Once it was established that colchicine did not interfere with GFP expression, experimental animals (n ϭ 12) were anesthetized for colchicine administration and killed the next day at ZT 10 or ZT 24, or at ZT 24 after a light pulse at ZT 21 as described above. All handling of animals was done in accordance with Institutional Animal Care and Use Committee guidelines of Columbia University.
Tissue preparation. Mice were perfused intracardially with 50 ml of 0.9% saline, followed by 100 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. Brains were postfixed for 18 -24 hr at 4°C and cryoprotected in 20% sucrose in 0.1 M phosphate buffer. Sections (40 m) were cut on a cryostat and, alternate sections were stained for double-label fluorescence for arginine vasopressin (AVP)-GFP and vasoactive intestinal peptide (VIP)-GFP [guinea pig polyclonal antisera against AVP (1:5000) or VIP (1:5000); DiaSorin, Stillwater, MN] and rabbit polyclonal antisera against GFP (1:20,000; Molecular Probes, Eugene, OR). GFP was visualized with avidin-conjugated fluorescent Cy3 (Jackson ImmunoResearch, West Grove, PA) and the other peptides with fluorescent Cy2 conjugated to the secondary antibody. The sections were mounted and coverslipped with gelmount and coverglass number 1 1 ⁄2.
Cell counts. Sections through the entire SCN were observed under a Nikon (Tokyo, Japan) E800 microscope and captured with a cool CCD camera (Diagnostic Instruments, Sterling Heights, MI) using Adobe Photoshop 5.0 (Adobe Systems, San Jose, CA). Single-and doublelabeled cells were counted. Because the total number of GFP-positive cells were counted on all sections, the Abercrombie correction factor (Abercrombie, 1946) was applied. The average diameter of the GFP cells was 9.7 Ϯ 0.06 m, calculated from the perimeter measured in 40 cells using the NIH Image program. The number of cells was determined as follows: N ϭ n(T/T ϩ D), where T is section thickness (40 m), and D is cell diameter (9.7 m; correction factor of 0.805).
To confirm that not all cells were double labeled (pale staining in double-labeled cells is not always visible under light microscopy), sections from each animal were also observed under a Zeiss Axiovert 100TV fluorescence microscope with a Zeiss LSM 410 laser scanning confocal attachment. The sections were excited with an argonkrypton laser using the excitation wavelengths of 568 nm (for Cy3) and 488 nm (for Cy2). The images were collected as 1 m multitract optical sections every 2 m (with sequential excitation by each laser to avoid cross-talk between the two wavelengths). Using the LSM 3.95 software (Zeiss), red and green images of the sections were superimposed.
Results
The physiologic properties of Per1-expressing neurons were studied in living SCN slices after a phase-shifting nocturnal light pulse was delivered to the intact animal. We used transgenic mice in which sequences of the Period1 promoter drive expression of a short half-life form of green fluorescent protein (Kuhlman et al., 2000) .
We first quantified the effects of a phase-advancing light pulse on Per1 induction in the SCN and on behavioral rhythmicity. Animals received a 30 min light pulse or sham treatment (no light) beginning at ZT 22.25. After the light pulse, animals were held in darkness for 2.5-3 hr, brains were removed, and slices were made for acute imaging (approximately ZT 1.5) to obtain a "snap shot" of Per1-driven GFP fluorescence in the SCN (Fig.  1 A) . A ninefold increase in GFP fluorescence of the SCN as a whole was observed in the LPϩ condition compared with no light (LPϩ, 36.0 Ϯ 6.0%; LPϪ, 3.9 Ϯ 0.8% above background; n ϭ 4 each group; p Ͻ 0.05; Mann-Whitney U test) (Fig. 1 A) . Induction of Per1 fluorescence tended to be most intense in the ventral region. Fluorescence was uniformly low in the LPϪ condition.
Because the behavioral effect of light administered in the late night can vary depending on mouse strains, we confirmed the phase-advancing effect of the ZT 22.25 light pulse in Per1-GFP mice. Mice housed in constant darkness in cages equipped with running wheels phase advanced the timing of their spontaneous wheel-running activity in response to a 30 min light pulse given at circadian time 22.25. The average shift was 1.04 Ϯ 0.24 hr, ranging from 0.4 to 2.0 hr (n ϭ 6) ( Fig. 1 B) .
Neuronal activity increased in Per1-induced neurons
The frequency of spontaneous action potentials in SCN neurons from animals receiving the ZT 22.25 phase-advancing light-pulse (LPϩ) was compared with that of neurons from animals receiving no light treatment (LPϪ). Extracellular recordings made 3-5 hr after the 30 min light stimulation (approximately ZT 1.25-3.25) revealed that the spontaneous firing rate of Per1-fluorescent neurons in SCN slices from light-treated animals was 2.4-fold greater than in animals receiving no light (Fig. 2 A) . The mean firing rate for LPϩ was 3.1 Ϯ 0.5 Hz (n ϭ 23), and the mean firing rate for LPϪ was 1.3 Ϯ 0.37 Hz (n ϭ 21; p Ͻ 0.005; MannWhitney U test).
In addition to examining firing rate in response to a phaseadvancing light treatment, neuronal activity was also examined after a light treatment given in the early night, which produces a phasedelaying action on the SCN pacemaker in these mice (Le Sauter et al., 2003) . For these experiments, animals were given a 30 min light pulse in the early night beginning at ZT 15 (3 hr after lights off), SCN slices were made at ZT 16, and recordings were made from ZT 17-ZT 18. As with the advancing light treatments, spontaneous action potential frequency was significantly higher in Per1-expressing neurons from animals of the phase-delaying light treatment condition (LPϩ, 4.27 Ϯ 0.51 Hz; n ϭ 8) compared with animals receiving no light (LPϪ, 0.17 Ϯ 0.10 Hz; n ϭ 10; p Ͻ 0.001; MannWhitney U test) (Fig. 2A) .
We next compared the spontaneous spike frequency of Per1-induced neurons (bright GFP fluorescence) to non-induced Per1-fluorescent neurons (dim GFP fluorescence; for fluorescent quantification details, see Materials and Methods) within slice preparations from animals receiving light treatment. Per1-induced neurons displayed a fourfold increase in spontaneous firing rate (3.18 Ϯ 0.51 Hz; n ϭ 11) 3-5 hr after photic stimulation compared with Per1 neurons in which Per1 was not induced during this time window (0.77 Ϯ 0.24 Hz; n ϭ 12; p Ͻ 0.005; Mann-Whitney U test) ( Fig. 2A) . These results indicate that phaseshifting light treatments evoke a persistent change in the neurophysiology of SCN neurons after Per1 induction and that there is heterogeneity in the responsiveness of Per1-expressing SCN neurons to light.
To further define the relationship between mPer1 gene activity and neuronal activity, we quantified the degree of Per1 induction versus spike frequency on an individual neuron basis by combining quantitative fluorescence imaging and extracellular recording of living SCN neurons. The Per1-driven GFP fluorescence intensity of SCN neurons ranged over a 10-fold difference (3.9 -41.4% above background), and there was a corresponding 10.4 Hz difference in spontaneous firing rate (0.01-10.5 Hz). The relationship between Per1 gene activity and action potential frequency was well fit by a linear relationship (Fig. 2 B) . These results demonstrate that degree of Per1 promoter activation in individual neurons predicts the rate of spontaneous neuronal activity during the initial hours after nocturnal photic stimulation. It should be noted that, within the restricted time frame examined (ZT 1.25-ZT 3.25), neither fluorescence intensity nor firing rate was correlated with time of data collection for a cell, and thus these data represent a sampling of neurons in different functional states of activity after light treatment rather than progression of ongoing temporal processes.
Intrinsic membrane properties are modified after

Per1 induction
The elevated spike rates recorded in Per1-induced neurons after photic stimulation could be attributable to increased synaptic drive or a change in intrinsic excitability. To distinguish between the two possibilities, the underlying membrane properties of light-induced Per1-expressing neurons were characterized and then examined in the presence of agents designed to significantly reduce synaptic communication.
Whole-cell current-clamp recordings of light-induced Per1-fluorescent neurons from the LPϩ condition were made and compared with Per1-fluorescent neurons recorded from the LPϪ condition. Resting membrane potential was found to be depolarized by 5.5 mV, and input resistance was 690 M⍀ higher in lightinduced Per1-fluorescent neurons (LPϩ, V rest , Ϫ43.8 Ϯ 1.15 mV; R in , 1.69 Ϯ 0.19 G⍀) compared with no light treatment (LPϪ, V rest , Ϫ49.3 Ϯ 0.95 mV, n ϭ 13 each group, p Ͻ 0.005; R in , 1.01 Ϯ 0.08 G⍀, n ϭ 13 each group, p Ͻ 0.005, Mann-Whitney U test) (Fig. 3) . Accordingly, the membrane time constant was also sig- nificantly increased in the LPϩ condition compared with the LPϪ condition (LPϩ, 33.6 Ϯ 2.6 msec; LPϪ, 22.5 Ϯ 1.2 msec; p Ͻ 0.005). Furthermore, there was also not a significant difference in whole-cell capacitance (LPϪ, 11.60 Ϯ 0.13 pF; LPϩ, 11.79 Ϯ 0.26 pF), ruling out the possibility that the change in input resistance was attributable to differences in cell size. The changes in membrane properties in response to light persisted when synaptic communication in slices was reduced by tetrodotoxin (TTX) (1 M) to block spike-mediated transmitter release and bicuculline methiodine (Bic) (12.5 M) to block a principal class of receptors for GABA, the most pervasive chemical transmitter within the SCN. In the presence of TTX-Bic, light-induced Per1-fluorescent neurons were also depolarized and exhibited increased input resistance (⌬6.0 mV and ⌬1.21 G⍀; LPϩ, Ϫ38.42 Ϯ 1.4 mV, 2.20 Ϯ 0.0.29 G⍀, n ϭ 5; LPϪ, Ϫ44.45 Ϯ 2.13 mV, 1.36 Ϯ 0.17 G⍀, n ϭ 7; p Ͻ 0.05) (Fig. 4 A) . Consistent with this analysis, using a two-way repeated-measures ANOVA, it was determined there was not an interaction between drug and light condition for both membrane properties (membrane potential, p ϭ 0.86; input resistance, p ϭ 0.315). These data suggest that the persistent increase in activity that accompanies Per1 induction in light-induced neurons is attributable to changes intrinsic to the neurons rather than ongoing changes in synaptic input. A, In the presence of 1 M TTX and 12.5 M bicuculline, input resistance was significantly increased in LPϩ condition (n ϭ 5) compared with LPϪ (n ϭ 7; p Ͻ 0.05), and membrane potential was significantly depolarized in the LPϩ condition (n ϭ 5) compared with LPϪ (n ϭ 7; p Ͻ 0.05). Left, Examples of individual whole-cell, current-clamp recordings from LPϪ (top) and LPϩ (bottom) conditions in the presence of TTX-Bic. B, In the presence of 1 M TTX and 30 mM TEA, there was not a significant difference between input resistance ( p Ͼ 0.9) or membrane potential ( p Ͼ 0.2) in the LPϩ (n ϭ 7) and LPϪ (n ϭ 6) conditions. Left, Examples of individual whole-cell, current-clamp recordings from LPϪ (top) and LPϩ (bottom) conditions in the presence of TTX-TEA. Calibration: 20 mV, 200 msec. C, Blockade of potassium current had a differential effect on membrane properties for neurons of LPϩ or LPϪ conditions (ANOVA; p Ͻ 0.005). The change (⌬) in membrane potential (V rest ) and input resistance (R in ) attributable to application of 30 mM TEA-1 M TTX was significantly different between the two conditions: membrane potential, p Ͻ 0.01; input resistance, p Ͻ 0.05.
Photic stimulation suppresses K
؉ currents The above results indicate that a hyperpolarizing current is reduced in Per1-expressing SCN neurons in the hours after photic stimulation. To test the hypothesis that a decrease in potassium current is an underlying mechanism of the light-induced changes in neuronal activity, the effect of blocking potassium current was assessed under both LPϩ and LPϪ conditions. We reasoned that, if the excited state of the light-induced neurons was based on the closing or downregulation of potassium channels, then treating SCN slices with a potassium channel blocker should affect neurons of the LPϪ condition to a greater extent than neurons from LPϩ condition. In contrast to application of TTX-Bic in which the difference between LPϪ and LPϩ was maintained, in the presence of 30 mM TEA, a general blocker of potassium channels, and TTX, there was not a difference in membrane properties between LPϪ and LPϩ conditions (LPϪ, R in 1.53 Ϯ 0.12 G⍀, V rest , Ϫ42.5 Ϯ 0.8 mV; LPϩ, R in , 1.61 Ϯ 0.22, p ϭ 0.8, V rest , Ϫ43.2 Ϯ 0.2 mV) (Fig. 4 B) . The application of 30 mM TEA had little effect on Per1-induced neurons but resulted in an increase in membrane input resistance and depolarization for neurons of the LPϪ condition ( Fig. 4C ) (LPϪ, ⌬V rest , 6.44 Ϯ 0.92 mV, ⌬R in 519.4 Ϯ 88.9 M⍀, n ϭ 6; LPϩ, ⌬V rest , 0.27 Ϯ 1.65 mV, ⌬R in , 176.4 Ϯ 96.4 M⍀, n ϭ 7; V rest , p Ͻ 0.01; R in , p Ͻ 0.05). There was an interaction between TEA-TTX drug treatment and light condition for both membrane properties (membrane potential and input resistance; two-way repeated-measures ANOVA; p Ͻ 0.005). During blockade of potassium channels, Per1-fluorescent neurons of the LPϪ condition displayed membrane properties similar to neurons of the light-stimulated condition.
A distinct subpopulation of Per1 neurons respond to photic stimulation
Our combined electrophysiological and imaging experiments above indicated that, by ϳ3 hr after a phase-shifting light pulse, neurons in which Per1 was highly induced exhibited persistent physiological changes (Figs. 1, 2) . There was considerable variability in the degree of Per1 gene induction in Per1-expressing SCN neurons and in their spontaneous activity. To further examine heterogeneity among SCN neurons after a phase-shifting light pulse, we prepared SCN slices as above in the recording experiments and performed time-lapse imaging. Images taken at the time of electrophysiological recording (ZT 1.75, 3.5 hr after the initiation of the light pulse) show that Per1 light induction was concentrated in the ventral or core SCN (Fig. 5, left) . In contrast, 3 hr later, at ZT 4.75 (i.e., 6.5 hr after the light pulse), fluorescent cells were present throughout the medial shell of the SCN as well (Fig. 5, right) , indicating that indeed a specific subset of Per1-expressing SCN neurons in the core form the initial response.
To further characterize the subpopulation of neurons that exhibited initial Per1 induction and persistent elevation of electrophysiological activity after light stimulation, we performed double-label immunocytochemistry for GFP and either VIP or AVP. Pilot work showed that colchicine increased VIP expression [no colchicine treatment, 64 Ϯ 5 (n ϭ 3) vs colchicine treatment, 139 Ϯ 12 (n ϭ 5); p Ͻ 0.01] but had no effect on GFP expression at ZT 24 after a light pulse [light plus no colchicine, 370 Ϯ 24 (n ϭ 4) vs light plus colchicine treatment, 342 Ϯ 84 (n ϭ 3)]. Therefore, the use of this paradigm maximizes visualization of AVP and VIP cells without affecting the dynamics of GFP induction and degradation. Consistent with fluorescence imaging of living tissue (Fig. 1) , induction of GFP peptide was detected in fixed tissue using anti-GFP antibodies after light stimulation as an increase in the mean number of GFP-positive neurons (LPϪ, 190 Ϯ 33 vs LPϩ, 310 Ϯ 32 cells; p Ͻ 0.05). Colocalization studies revealed that the mean proportion of VIP cells containing GFP increased after light treatment (LPϪ, 31% vs LPϩ, 59%; t (5) ϭ 3.3; p Ͻ 0.05) (Figs. 6, 7A ). This is in contrast to the proportion of AVP cells expressing GFP after a light pulse (LPϪ, 29% vs LPϩ, 41%; t (6) ϭ 1.1; NS) (Figs. 6, 7B) ; the number of AVP cells was actually lower after the light pulse (LPϪ, 292 vs LPϩ, 226; t (6) ϭ 2.8; p ϭ 0.03). Thus, light induction of Per1 occurs in VIP neurons to a much greater extent than AVP neurons.
Under entrained conditions, the number of cells expressing GFP was significantly higher during the late day (ZT 10) than at dawn (ZT 24) (ZT 10, 459 Ϯ 37; ZT 24, 190 Ϯ 33; t (13) ϭ 5.4; p Ͻ 0.001), thus confirming rhythmic expression of Per1::GFP (Kuhlman et al., 2000; Le Sauter et al., 2003) . The proportion of VIP cells containing GFP was greater at ZT 10 than at ZT 24 (ZT 10, 61% vs ZT 24, 31%; t (5) ϭ 5.7; p Ͻ 0.01) (Fig. 6) . Similarly, the proportion of AVP cells containing GFP was greater at ZT 10 than at ZT 24 (ZT 10, 64% vs ZT 24, 29%; t (6) ϭ 4.0; p Ͻ 0.01) (Fig. 6) . Thus, both VIP and AVP cells show a day-night difference in Per1-driven GFP expression in entrained conditions.
We noted that not all GFP cells colocalized with VIP or AVP. Combined, VIP and AVP cells made up 51% of the total GFP cells at ZT 10, indicating the half of the Per1-expressing neurons remain peptidergically unidentified. Together, these data indicate that VIP neurons respond to light stimulation with induction of Per1-driven GFP and express a rhythm in Per1::GFP, whereas AVP cells do not show a direct response to light treatment but do express a rhythm in Per1-driven GFP.
Discussion
The neural rhythms of biological clock neurons are driven by interactions of a defined set of clock genes and are entrained to the environment (for review, see Panda et al., 2002a; Wang and Sehgal 2002) . Key questions in understanding the mechanisms that synchronize this internal clock with the environment are to define the links between acute gene induction by light stimuli and persistent changes in physiological output of SCN neurons and to identify the participating neuronal subpopulations. We addressed these issues in a transgenic animal model in which the dynamics of the Per1 clock gene promoter are reported by the intensity of short halflife GFP.
Per1 induction, K
؉ current suppression, and excitability By performing targeted electrophysiological recording of neurons in which the Per1 gene was specifically induced by a phase-resetting light pulse, neurophysiological changes downstream of rapid gene induction were determined. A subset of Period1-expressing neurons responded to phase-shifting light treatment with Per1 induction and increased neuronal activity evident 3-5 hr after light treatment. This persistent increase in spontaneous neuronal activity was characterized by membrane depolarization and increased input resistance. The change in neuronal activity was attributable to changes in intrinsic membrane properties rather than increased synaptic drive. The changes in both membrane properties were sensitive to a broad spectrum potassium channel blocker in the LPϪ (sham) condition but insensitive to block in slices from the LPϩ (light-treated) condition, indicating that the persistent elevation in spike output in response to light is mediated by a reduction of outward potassium current. Although we do not exclude the involvement of other ion channel types, our current data indicate that K ϩ channel regulation can account for the effects of light on membrane potential and input resistance both qualitatively and quantitatively. We identified the downregulation of K ϩ conductance as an apparent link between lightstimulated gene induction and persistent changes in neural output. Future studies can determine whether the number, type, or functional properties of existing channels are affected to bring about this change.
There is increasing evidence that K ϩ channels are a critical intersection point between the molecular clockworks and the cell membrane of clock neurons. Potassium channels are already recognized to play critical roles in the circadian oscillator of marine mollusks (Ralph and Block, 1990; Michel et al., 1993) and to underlie rhythmic changes in neuronal physiology in the SCN (Kuhlman and McMahon, unpublished) . In addition, K ϩ channel genes are under circadian transcriptional control in the mammalian SCN (Panda et al., 2002b) , and mRNA levels of a regulatory subunit are rhythmic in Drosophila ( Simultaneous quantification of the degree of Per1 induction and electrophysiological recording of neuronal output demonstrated directly that the level of Per1 gene expression is closely associated with the degree of SCN neuronal excitability. In the hours after photic stimulation, Per1-driven fluorescence intensity was highly correlated with the rate of spike output on a cell-by-cell basis. Cells exhibiting higher levels of Per1-driven fluorescence had elevated spike rates. These results establish a relationship between the activity of a particular clock gene, Per1, and the neural output of SCN neurons. The exact nature and mechanism of this relationship remains to be tested but could involve alterations in the transcription, posttranslational modification, or subcellular distribution of K ϩ channels downstream of Per1 induction. In addition, our results show that, in these transgenic animals, Per1-driven fluorescence intensity is an accurate predictor of SCN neuronal spike frequency in the hours after photic stimulation.
A chronology of phase resetting
We found suppression of K ϩ currents and the elevation of spike frequencies in SCN neurons in the first 3-5 hr after Per1 induction by light. Chronologically, this persistent increase in neural activity falls in between the transient electrical and acute molecular responses to light (which occur in seconds to minutes) and the full expression of permanently altered phase of SCN rhythms (which is detected on the next circadian cycle) (Fig. 8) . Our experiments revealed that, a few hours after a phase-resetting light pulse, the SCN is in a transitional state, characterized by hetero- (4) expression. The bar and sun symbol illustrate the timing of the light cycle and light pulse, although all events subsequent to the pulse proceed in darkness or in brain slices detached from retinal input. Transient neural responses ( first panel ) include retinally driven alterations in spike frequency (shown), NMDA receptor activation, and NOS activation (Colwell and Menaker, 1992; Vindlacheruvu et al., 1992; Rea et al., 1993; Meijer et al., 1998; Mintz et al., 1999) . Acute molecular responses (second panel ) include induction of Per1 (shown), Per2, and genes coding for activity-dependent transcription factors, scaffolding factors, and chromatin modification (Hastings et al., 1995; Kornhauser et al., 1996; Park et al., 1997; Cermakian and Sassone-Corsi, 2000; Crosio et al., 2000) and rapid phosphorylation of CREB via calcium signaling and kinase pathways (Ginty et al., 1993; Ding et al., 1997; Kako et al., 1997; Obrietan et al., 1999; Yokota et al., 2001; Butcher et al., 2002; Gau et al., 2002) . Early resetting (third panel ) is characterized by suppression of K ϩ current and high levels of spontaneous spike activity in VIP neurons highly induced for Per1 (this study). Expression ( fourth panel ) represents the consolidated shift of SCN physiological, molecular, and behavioral rhythms detected on the next circadian cycle of the pacemaker. geneity in the molecular and physiological activity of individual SCN neurons. During this "early resetting" interval, neurons of the core SCN express the highest levels of Per1 induction and spike rates. We suggest that this elevated activity of a subset of Per1-induced neurons, mediated by suppression of K ϩ currents, links gene induction to alterations in neural output and provides a neural or humoral signal that ultimately consolidates the new phase of the entire SCN pacemaker.
Per1 induction and VIP neurons
We found that only a subset of Per1-expressing neurons showed elevated spike rates after photic stimulation. Detailed anatomical description of the mouse SCN indicates that there are two functional subdivisions within the nucleus (Abrahamson and Moore, 2001) . The RHT preferentially innervates the SCN core, and cells expressing VIP are highly localized to this region. In contrast, the shell region of the SCN is relatively devoid of direct retinal input, and cells expressing AVP are highly localized to this region (Abrahamson and Moore, 2001) . The notion that SCN neurons respond differentially to photic cues has important implications for modeling entrainment of the multioscillator system (Shigeyoshi et al., 1997; Abrahamson and Moore, 2001; Hamada et al., 2001) .
Our data are consistent with the view that one population of Per1-expressing neurons responds to phasic light and is driven by environmental input, and another population is driven by selfsustained intracellular molecular oscillations (Shigeyoshi et al., 1997; Yan et al., 1999; Hamada et al., 2001) . Light induction of Per1-driven GFP occurs in VIP and other unidentified cells distributed primarily in the ventral SCN. In the light-induced cells identified in this study, the pathway to gene induction likely involves NMDA-mediated signaling coupled to kinase pathways, resulting in the phosphorylation of cAMP response elementbinding protein (CREB) (Ding et al., 1997; Obrietan et al., 1998; Guido et al., 1999; Moriya et al., 2000; Yokota et al., 2001; Gau et al., 2002; Travnickova-Bendova et al., 2002) . Our results raise the possibility that VIP, or other substances secreted during elevated activity by neurons within the ventral area (Aida et al., 2002) , serve to communicate the phase-shifting stimulus within the SCN network. Indeed, VIP has been shown to shift behavioral rhythms in a manner similar to light when injected into the rodent SCN (Piggins et al., 1995) as well as to shift SCN electrical rhythms and induce Per1 expression in vitro (Reed et al., 2001; Nielsen et al., 2002) .
The non-induced Per1-expressing neurons identified in the present study likely represent the light-insensitive population described previously (Shigeyoshi et al., 1997; Yan et al., 1999; Hamada et al., 2001 ) and correspond to endogenously rhythmic Per1-expressing neurons. AVP cells located in the shell of the SCN did not show light-induced acute induction of Per1 fluorescence. However, like the VIP population, the AVP population did show a rhythm in Per1-driven fluorescence in entrained conditions. It is interesting to note that, at ZT 10, the peak of Per1::GFP expression, VIP and AVP neurons account for ϳ50% of all GFPpositive neurons, indicating that half of the Per1 neurons remain peptidergically unidentified.
Summary
Using a transgenic animal model in which the dynamics of the Per1 clock gene promoter are reported by the intensity of short half-life GFP, we examined the neurophysiological events downstream of Per1 gene induction and the peptidergic identity of responding neuronal populations during phase resetting of the SCN biological clock by light. Our findings have identified the Per1-induced population as containing VIP neurons preferentially to AVP neurons. We found a striking correlation between the activation of the circadian clock gene Per1 and the spontaneous activity of clock neurons. Our results indicate that regulation of K ϩ channels by the molecular clockworks is part of the cascade of events by which gene induction engenders a lasting shift in the phase of clock oscillations.
